Fine mapping of Hd4 and Hd5, quantitative trait loci (QTLs) for heading date in rice, was performed by using advanced backcross progeny derived from a cross between a japonica rice variety, Nipponbare, and an indica variety, Kasalath. Hd4 was mapped between restriction fragment length polymorphism (RFLP) markers R46 and C39 in the proximal region of chromosome 7, and Hd5 was mapped between C166 and R902 on the short arm of chromosome 8; both QTLs mapped as single Mendelian factors. We used marker-assisted selection to develop two nearly isogenic lines (NIL), designated NIL(Hd4) and NIL(Hd5), in which small chromosomal segments of Kasalath including Hd4 and Hd5, respectively, each were substituted into the genetic background of Nipponbare. Compared with that of Nipponbare, daysto-heading of NIL(Hd4) and NIL(Hd5) increased under long-day and natural-field conditions, but no differences were observed between those of the two NILs and Nipponbare under short-day conditions. Epistatic interaction was detected between Hd5 and Hd1, a key photoperiod sensitivity QTL, on the basis of an analysis of the F 2 population derived from a cross between the NIL(Hd5) and NIL(Hd1). This result suggests that Hd5 is involved in photoperiod sensitivity and may act downstream or upstream of Hd1 in the same photoperiodic pathway. In comparison, the genetic effect of Hd5 was additive to that of Hd2, another key photoperiod-sensitivity QTL, indicating that Hd2 acts in a different photoperiodic pathway other than that of Hd1 and Hd5. The genetic effect of Hd4 was additive to those of Hd1 and Hd2; thus, epistatic interaction between these loci was not detected.
Introduction
In rice, heading date is a key determinant for adaptation to different cultivation areas and cropping seasons. Therefore, control of heading date is one of the leading objectives in rice breeding. Heading date is a complex trait in rice and is controlled by many endogenous genetic factors (genes) and environmental conditions, such as temperature and day length. Many genetic studies have revealed that genes responsible for photoperiod sensitivity and for basic vegetative growth duration were involved in the control of heading date in rice [gene symbol were summarized by Kinoshita (1998) ]. However, the detailed genetic control mechanism for heading date still remains to be analyzed. Recently, natural variation has become an efficient resource for the genetic and molecular analysis of complex traits in rice (Yano and Sasaki 1997, Yano 2001) . Many genetic studies have focused on naturally occurring allelic variation to determine the chromosomal location of genes controlling heading date in rice , Xiao et al. 1995 , Lin et al. 1996 , Doi et al. 1998 . In particular, 15 QTLs for heading date (Hd1-Hd3a, Hd3b-Hd14) have been identified by using several types of progeny derived from crosses between a japonica variety, Nipponbare, and an indica variety, Kasalath . Among these 15 QTLs, Hd1, Hd2, Hd3a, Hd3b, Hd6 and Hd9 have been mapped as single Mendelian factors (Yamamoto et al. 1998 . Additional characterization of these six QTLs has been performed by developing nearly isogenic lines of the QTLs [NIL(QTLs)] with regard to the photoperiodic response of heading . Days-to-heading of NIL(QTLs) have been investigated under long-day (LD), short-day (SD), and natural-field (NF) conditions. These studies revealed the photoperiodic response of these QTLs to be: promotion of heading under SD and suppression under LD conditions (Hd1 and Hd2); promotion under SD conditions (Hd3a); and suppression under LD conditions (Hd3b, Hd6 and Hd9). Furthermore, in light of these results and those from the analysis of epistatic interactions among these QTLs, it was concluded that Hd1, Hd2, Hd3a, Hd3b and Hd6 are involved in photoperiod sensitivity in rice .
Hd1, Hd6 and Hd3a have been cloned recently by using a map-based strategy . These studies demonstrated that several orthologs of Arabidopsis (a long-day plant) floweringtime genes are involved in the control of heading in rice (a short-day plant). These findings prompted the simple question: what factor(s) or mechanism(s) is (are) involved in these opposite types of photoperiodic response? Although some of the heading-date-related QTLs identified through the study of progeny from crosses between Nipponbare and Kasalath have been analyzed at the molecular level, several other QTLs remain to be analyzed in detail. For example, although Hd4 and Hd5 have been mapped by using an F 2 population , these QTLs could not be characterized in detail previously because of the lack of appropriate advanced backcross progenies or NILs. Further genetic and molecular analysis of these QTLs may provide a clue to understanding the divergent features in the genetic control mechanisms of the photoperiodic response of heading (flowering) in rice and Arabidopsis .
In the present study, we first used marker-assisted selection (MAS) to develop NILs for further characterization of Hd4 and Hd5. We then investigated the photoperiodic responses of these two QTLs by exposing the NILs to three different day-length conditions. We precisely mapped Hd4 and Hd5 to chromosomes 7 and 8, respectively, as single Mendelian factors by using F 2 and F 3 populations derived from crosses between the NILs and their isogenic control, Nipponbare. We also investigated the epistatic interactions of Hd4 and Hd5 with Hd1 and Hd2, two key photoperiod sensitivity genes in Nipponbare.
Materials and Methods

Plant materials
We used MAS to select two NILs for the target QTLs, designated NIL(Hd4) and NIL(Hd5), from advanced backcross progeny derived from a cross between Nipponbare (the recurrent parent) and Kasalath (the donor parent). In both NIL(Hd4) and NIL(Hd5), the small chromosomal segment containing the target QTL was homozygous for the Kasalath allele in the Nipponbare genetic background (Fig. 1) . These NILs were crossed with Nipponbare, and the resulting F 1 plants were self-pollinated to obtain two F 2 populations [98F 2 -23 (192 plants) and 00F 2 -37 (150 plants)] for fine mapping of Hd4 and Hd5, respectively. We produced four F 2 populations [99F 2 -10 (100 plants), 99F 2 -3 (100 plants), 00F 2 -4 (150 plants) and 00F 2 -8 (100 plants)] derived from crosses of NIL(Hd4) and NIL(Hd5) with NIL(Hd1) and NIL(Hd2) -these last two lines were developed during our previous study -to investigate epistatic interactions among these QTLs. All F 2 populations were cultivated in a paddy field at the National Institute of Agrobiological Sciences (Tsukuba, Japan). Days-to-heading (number of days required from seeding to heading) was recorded for each plant. For the fine-mapping experiments, leaves of F 2 plants were collected at heading, and total DNA was extracted according to the CTAB method of Murray and Thompson (1980) with slight modification. Genotypes of the plants were determined by DNA marker analysis of each segregating chromosomal region.
Day-length treatment test
NIL(Hd4), NIL(Hd5) and Nipponbare (isogenic con- . White, segments derived from Nipponbare; black, segments derived from Kasalath.
trol) were grown in growth chambers at 28°C for 12 h and 24°C for 12 h until heading occurred. Two day-length conditions, SD (10 h light) and LD (14 h light), were used. These three lines also were cultivated in a paddy field under NF conditions at the National Institute of Agrobiological Sciences of latitude 36° N. Heading examination (five plants per test condition) was done in duplicate. Days-to-heading of each line under SD, LD and NF conditions were compared among lines by using the least significant difference (LSD) test.
DNA marker analysis
Restriction fragment length polymorphism (RFLP) and cleaved amplified polymorphic sequence (CAPS) (Konieczny and Ausubel 1993) markers were used to determine the genotypes of each segregating chromosomal region. RFLP analysis was performed according to Kurata et al. (1994) . A total of 127 RFLP markers covering the 12 rice chromosomes were selected from a high-density RFLP linkage map (Harushima et al. 1998 ) and used to estimate the status of substitution of chromosome segments during the process of MAS. We used nine RFLP markers in the vicinity of Hd4 and six RFLP markers near Hd5 for the fine mapping of these QTLs. To detect epistatic interaction, tightly linked RFLP markers-S2539 for Hd1, C213 for Hd2, C39 for Hd4 and R902 for Hd5-were converted to CAPS markers on the basis of the sequence information, and these CAPS markers were used to estimate the genotype of these QTLs in the four F 2 populations. CAPS analysis was performed according to Monna et al. (2002) . In brief, a small piece of rice leaf was crushed in a 1.5 ml microfuge tube containing 300 µl 100 mM Tris-HCl, 1 M KCl, and 10 mM EDTA. The DNA in the centrifuged supernatant was precipitated by using isopropanol, and the pellet was redissolved in 50 µl 0.1 × TE (10 mM Tris-HCl, 1 mM EDTA). A 1 µl aliquot of this DNA extract was used as the template for PCR amplification. The 10 µL reaction volume contained 1 µl template DNA, 10 × PCR buffer, 25 mM MgCl 2 , 2 mM of each dNTP, 2 µl 50 % glycerol, 0.1 µl Taq DNA polymerase (5 U/µl), 0.2 µL of a 20 pM solution of each primer, and 3.7 µl H 2 O. Amplification was performed for 30 cycles (30 s at 94°C, 1 min at 60°C and 1 min at 72°C) followed by 7 min at 72°C. To detect polymorphism, the amplified product was digested overnight with an appropriate restriction enzyme then electrophoresed on a 2 % agarose gel. For S2539 and C213, the primer sequences and restriction enzymes used in the CAPS analysis were those described by Lin et al. (2002) . For C39, the primers CK0039U (5′-TGAGAGAAAAAGGAACAGGC-3′) and CK0039L (5′-CAGTTCACAAAGCCATCAAT-3′) and the restriction enzyme KpnI were used. For R902, the primers RA0902U (5′-TCACGAAAGAACACATTAAACTTTAT CC-3′) and RA0902L (5′-TTCCTTCAATTA TGTAGATG CCATTC-3′) and the restriction enzyme Eco81I were used.
Linkage analysis and QTL analysis
Linkage mapping was performed by using MAPMAKER /EXP 3.0 (Lander et al. 1987) . The Kosambi function was used to calculate genetic distances (in cM). To confirm the genetic effects of Hd4 and Hd5, QTL analyses were done for the 98F 2 -23 and 00F 2 -37 populations by using MAPMAKER/QTL Botstein 1989, Lincoln et al. 1993) . Plants with recombination in the flanking regions of Hd4 and Hd5 were selected on the basis of genotype of the RFLP markers in the F 2 populations. The self-pollinated progeny (F 3 ) of those plants were used to determine the genotypes of Hd4 and Hd5.
Detection of epistatic interactions
For the analysis of epistatic interaction, the appropriate F 2 plants were classified into nine classes according to the genotypes of the two CAPS markers each of those were tightly linked to two target QTLs. The mean days-to-heading was compared between the nine genotype classes by 2-way analysis of variance (ANOVA) with the PROC GLM module of SAS (SAS Institute 1988, Gary, NC, USA). The genotype classes were determined by using the CAPS markers S2539 (Hd1), C213 (Hd2), C39 (Hd4) and R902 (Hd5).
Results
Day-length response in NIL(Hd4) and NIL(Hd5)
We used MAS to select NIL(Hd4) and NIL(Hd5) from advanced backcross progeny. Using various RFLP markers, we confirmed that a small chromosomal segment of Kasalath that included Hd4 was substituted into the genetic background of Nipponbare to yield NIL(Hd4), and a similar substitution led to NIL(Hd5) (Fig. 1) . No chromosomal segment other than that containing the Hd4 region was detected in NIL(Hd4). In NIL(Hd5), a small segment from chromosome 7 was detected in addition to the portion of chromosome 8 including the Hd5 region. Because previous studies had not identified any QTL for heading date in this chromosome 7 region, NIL(Hd4) and NIL(Hd5) could be used as NILs for further analysis.
To confirm that Hd4 and Hd5 affects heading date, we first measured days-to-heading in NIL(Hd4) and NIL(Hd5) under 3 different day-length conditions-SD, LD and NF. Under SD conditions, the days-to-heading (mean ± standard deviation) of NIL(Hd4), NIL(Hd5) and Nipponbare were 47.6 ± 1.2 days, 47.9 ± 1.0 days and 47.7 ± 0.9 days, respectively, showing no significant difference between the NILs and Nipponbare (Table 1) . Under LD conditions, however, the days-to-heading of NIL(Hd4) was 118.0 ± 3.2 days, an increase of about 8 days compared with that of Nipponbare. Furthermore, no heading was observed in NIL(Hd5) at 130 days after sowing under LD conditions (Table 1) . Under NF conditions, the days-to-heading of NIL(Hd4) and NIL(Hd5) were 119.2 ± 1.5 days and 126.6 ± 0.6 days, which show increases of about 6 and 13 days, respectively, compared with Nipponbare (Table 1) . These results clearly showed that the Kasalath alleles of Hd4 and Hd5 increased days-to-heading under LD and NF but not SD conditions.
Fine mapping of Hd4
Regarding the fine mapping of Hd4, population 98F 2 -23 showed continuous variation in heading date, with a range of 6 days under NF conditions ( Fig. 2A) . From the QTL analysis, 26.4 % of the total phenotypic variation was explained by a QTL near the RFLP marker Y2707L, which also was closely linked with Hd4 , Harushima et al. 1998 . The additive effect of the Kasalath Hd4 allele was only 0.9 days. We allocated the F 2 plants into 3 classes-homozygous for the Nipponbare and Kasalath alleles and heterozygous-according to the genotypes of tightly linked RFLP marker Y2707L (Fig. 2A) . Plants homozygous for the Nipponbare allele had a shorter days-to-heading value than did plants homozygous for the Kasalath allele. Heterozygous plants had a days-to-heading that was intermediate to those of the homozygous plants ( Fig. 2A) . Although much of the phenotypic variation in the 98F 2 -23 population could not be explained by this QTL, both the previously determined chromosomal location of Hd4 ) and the QTL effect detected in this study are consistent with each other. Therefore, our findings confirm that Hd4 resides on chromosome 7.
To map the Hd4 as a single Mendelian factor, we subjected 14 F 3 lines (22 plants of each line) to progeny testing along with three additional F 3 lines as genotype references. We allocated the 14 F 3 lines into three classes according to the variation in days-to-heading: two lines, relatively early heading (109 to 114 days); three lines, late heading (112 to 118 days); and nine lines, wide variation from early to late heading (110 to 117 days) ( Table 2 ). These three classes likely correspond to the three genotypes at Hd4: homozygous for the Nipponbare allele, homozygous for the Kasalath allele, and heterozygous ( Table 2 ). The genotype of Hd4 for selected F 2 plants was confirmed by phenotyping of advanced F 4 progeny (data not shown). Based on these genotype data for Hd4, together with those obtained by using RFLP markers, we precisely mapped Hd4 as a single Mendelian factor that cosegregated with the RFLP markers Y2707L, Y2707R, R610 and G1068 on the short arm of chromosome 7 (Fig. 3, Table 2 ). In 98F 2 -23 population, no segregation was occurred at R46, because the chromosomal region containing R46 was fixed as Nipponbare homozygous. These results clearly demonstrate that Hd4 is located between R46 and C39 (Fig. 3) . Genotypes of the RFLP markers are represented by N (Nipponbare homozygous), K (Kasalath homozygous), and H (heterozygous), respectively. RFLP markers Y2707L and C39 are representative for the markers cosegregated (Fig. 3) . 2) Genotypes of Hd4 were determined in light of the segregation pattern of days-to-heading in the F 3 lines. respectively. RFLP markers, S2108, is representative for other markers cosegregated (Fig. 3) . 2) Genotypes of Hd5 were determined in light of the segregation pattern of days-to-heading in the F 3 lines selected.
Fine mapping of Hd5
Regarding the fine mapping of Hd5, population 00F 2 -37 showed a bimodal distribution for days-to-heading under NF conditions (Fig. 2B ): early heading (114 to 121 days) and late heading (122 to 132 days). A QTL linked with the RFLP marker R2976 accounted for a large part (84.9 %) of the total phenotypic variation in this F 2 population. The additive effect of the Kasalath Hd5 allele was 5.0 days. On the basis of the genotype of the R2976, we allocated the F 2 plants into three classes: homozygous for the Nipponbare and Kasalath alleles and heterozygous (Fig. 2B) . F 2 plants homozygous for the Nipponbare allele at R2976 headed earlier (< 121 days) than did those homozygous for the Kasalath allele (> 122 days). Days-to-heading of the heterozygous plants was intermediate to those of the homozygotes, but the distribution was shifted toward late heading (Fig. 2B) . These results clearly confirm the existence of Hd5 on the short arm of chromosome 8, and the Kasalath allele at Hd5 increased days-to-heading in a semi-dominant manner.
To map Hd5 precisely, we selected 22 F 2 plants with recombination in the vicinity of Hd5 on the basis of the genotypes of the RFLP markers used, as well as three F 3 lines as genotype references (Table 3 ). The self-pollinated progeny (F 3 lines) of those 22 plants were used to determine the genotypes of Hd5. The F 3 lines could clearly be allocated into three classes for days-to-heading: five lines showed early heading (106 to 118 days); four lines showed late heading (118 to 130 days); and 13 lines showed wide variation in days-to-heading (110 to 128 days) (Table 3 ). These three patterns undoubtedly correspond to the genotypes of Hd5 -homozygous for the Nipponbare allele, homozygous for the Kasalath allele and heterozygous, respectively. Thus, Hd5 was mapped between the RFLP markers C166 and R902 on chromosome 8, and no recombination occurred between Hd5 and R2976 (Table 3 , Fig. 3 ).
Analysis of epistatic interactions of Hd4 and Hd5 with the photoperiod sensitivity genes Hd1 and Hd2
To clarify whether Hd4 and Hd5 have epistatic interactions with Hd1 and Hd2, two key photoperiod sensitivity QTLs, we produced four F 2 populations derived from crosses between NIL(QTL). Days-to-heading under NF conditions was compared among nine genotype classes for each of the two target QTLs. Two-way ANOVA revealed that the genetic effect of Hd4 was additive to those of Hd1 (Fig. 4A) and Hd2 (Fig. 4B) . The effect of the Kasalath allele at Hd4 occurred in all genotype classes of Hd1 (P = 0.5709) and Hd2 (P = 0.1039). In comparison, epistatic interaction between Hd1 and Hd5 was detected (P = 0.0004) (Fig. 4C) . The effect of the Kasalath allele at Hd5 (i.e., increased days-toheading) was observed in two genotype classes, homozygous for the Nipponbare allele at the Hd1 locus and heterozygous, but not in the class homozygous for the Kasalath allele at the Hd1 locus (Fig. 4C) . The phenotypic effect of the Kasalath allele at Hd5 was observed in all genotype classes for the F 2 population of NIL(Hd2) and NIL(Hd5) (P = 0.1826) (Fig. 4D) , indicating that no epistatic interaction occurs between Hd5 and Hd2.
Discussion
A previous study identified 5 QTLs (Hd1-Hd5) for rice heading date in an F 2 population from a cross between Nipponbare and Kasalath . Among these QTLs, Hd1, Hd2, and Hd3 were analyzed by using advanced backcross progeny and mapped precisely as single Mendelian factors (Yamamoto et al. 1998) . In addition, these QTLs were found to be involved in photoperiod sensitivity . However, the remaining 2 QTLs, Hd4 and Hd5, had not been verified due to the lack of advanced backcross progeny. In the present study, we demonstrated that Hd4 and Hd5 could be mapped as single Mendelian factors. We also investigated the day-length response of heading in NILs of both Hd4 and Hd5 and suggest that Hd5 is involved in photoperiod sensitivity.
Thus far, 13 genes for heading date have been reported ( Kinoshita 1998 , Ichitani et al. 1998a . The molecular cloning of Hd1 revealed that Se1, a key photoperiod sensitivity gene, was allelic to Hd1 . It was suggested that Hd3a might be allelic to the photoperiod sensitivity gene En-Se1 . E1, another photoperiod sensitivity gene, is located on chromosome 7, near the Rc gene (Tsai 1976 , Okumoto et al. 1992 . By conducting genetic analysis of the progeny between Kasalath and an E1 tester line, Ichitani et al. (1998b) suggested that E1 and Hd4 might be the same locus. In the present study, we found that Hd4 is located between the RFLP markers R46 and C39, near the Rc gene (Harushima et al. 1998) , thus supporting the possibility of an allelic relationship between Hd4 and E1. In comparison, no gene for heading date has been reported to occur on chromosome 8 (Kinoshita 1998) . Therefore, Hd5 is likely a new gene that controls photoperiod sensitivity in rice. However, through the genetic analysis of rice variety in Hokkaido, the northernmost island in Japan, Ichitani et al. (1998a) identified a new gene involved in photoperiod sensitivity. It will be necessary to clarify the allelic relationship between this gene and Hd5.
The gene effects of the Kasalath alleles at Hd4 and Hd5 occurred under LD and NF conditions but not under SD conditions (Table 1 ). This type of day-length response also has been reported for Hd6, a photoperiod sensitivity gene , and Hd9, whose biological function is still unknown . Therefore, it was very difficult to use the day-length response to define whether both Hd4 and Hd5 are involved in photoperiod sensitivity. In the case of Hd6, however, the detection of a clear epistatic interaction with Hd2, a key photoperiod sensitivity gene in Nipponbare, enabled the authors to define the biological function of Hd6 . We observed a similar epistatic interaction between Hd5 and Hd1 in the present study. This clear epistatic interaction led us to con- Fig. 4 . Differences in mean days-to-heading for nine genotype classes in four F 2 populations derived from crosses between NIL(Hd1) and NIL(Hd4) (A), NIL(Hd2) and NIL(Hd4) (B), NIL(Hd1) and NIL(Hd5) (C) and NIL(Hd2) and NIL(Hd5) (D) under natural field conditions. Genotypes are determined by using the closely linked markers S2539 (Hd1), C213 (Hd2), C39 (Hd4) and R902 (Hd5). N, H, and K indicate homozygous for the Nipponbare allele, heterozygous, and homozygous for the Kasalath allele, respectively. The P-value was calculated by using 2-way analysis of variance. The data are presented as mean ± 1 standard deviation (error bar).
clude that Hd5 also is involved in photoperiod sensitivity in rice. Because Kasalath has a loss-of-function allele at Hd1 , phenotypic expression of Hd5-an increased days-to-heading under LD conditions-requires a functional allele of Hd1. In addition, Hd5 does not exhibit specific interaction with Hd2. These results suggest that Hd1 and Hd5 are involved in a different photoperiodic pathway in heading than Hd2.
It is difficult to define the biological function of Hd4 from the results of the present study, because Hd4 showed no epistatic interaction with Hd1 or Hd2 (Fig. 4 ). An allelic relationship between E1 and Hd4 has been suggested by Ichitani et al. (1998b) . Moreover, Nishida et al. (2001) demonstrated that E1 complementarily interacts with the major photoperiod sensitivity gene Se1, which is the same locus as Hd1, and enhances photoperiod sensitivity. According to these results, Hd4 likely is involved in photoperiod sensitivity, but we were unable to detect a specific interaction between Hd4 and Hd1. This inconsistency suggests another possibility; that is, Hd4 and E1 are tightly linked but different loci. In light of the data currently available, we propose three alternative hypotheses for the function of Hd4: 1) Hd4 (non-allelic to E1) is a new gene that is involved in photoperiod sensitivity whose genetic control pathway is independent of that of Hd1 and Hd2; 2) Hd4 (non-allelic to E1) is involved in something other than photoperiod sensitivity, such as vegetative growth duration or high temperature requirement; or 3) Hd4 (allelic to E1) acts downstream of Hd1 as well as (an)other gene(s), which is(are) involved in a different signal transduction pathway from Hd1 and Hd2. Nishida et al. (2001) has proposed a putative genetic control pathway for heading date, in which the E1 acts downstream of the Se1, based on the analysis of tester lines for rice headingtime genes using reciprocal photoperiodic transfer treatments. The third hypothesis for the biological function of Hd4 proposed in this study seems to be consistent with their hypothesis. In order to verify these hypothesis and to clarify the biological function of Hd4, further analyses, such as molecular cloning of Hd4 or E1 and analysis of expression patterns with regard to environmental stimuli, will be required.
Other groups have mapped two QTLs controlling the heading date of rice to chromosome 7 (Xiao et al. 1995 (Xiao et al. , 1998 , and four to chromosome 8 , Lin et al. 1996 , Xiao et al. 1995 , 1998 . In light of a comparison of their chromosomal locations, Hd4 is likely to be allelic with the QTLs dth7 and dth7.1 (Xiao et al. 1995 (Xiao et al. , 1998 , and Hd5 is likely to be the same locus as the QTLs QHd8a , hd8 (Lin et al. 1996) , dth8 (Xiao et al. 1995 (Xiao et al. , 1996 , and dth8.1 (Xiao et al. 1998) . However, it is difficult to establish these relationships conclusively because of the inherent low resolution of QTL mapping. Therefore, cloning and sequence comparison of these QTLs will be required to clarify these relationships.
Recently, three photoperiod sensitivity QTLs, Hd1 , Hd6 , and Hd3a , have been cloned by using a mapbased strategy. Hd1 is an ortholog of CONSTANS (CO) in Arabidopsis and encodes a protein with a zinc finger domain and a nuclear localization signal ). Hd3a showed a high level of similarity with the FT gene that promotes flowering under LD conditions in Arabidopsis . Although the biochemical functions of Arabidopsis CO and FT (promotion of flowering) seem to be conserved in rice Hd1 and Hd3a, the inductive photoperiod for flowering is different between rice (short-day plant: SDP) and Arabidopsis (long-day plant: LDP). We speculated that this difference might be explained by additional genetic factors . In the present study, we observed clear epistatic interaction between Hd1 and Hd5, indicating that Hd5 may act downstream or upstream of Hd1 in the same photoperiodic pathway. This fact suggests that Hd5 is a candidate photoperiod sensitivity factor to control different photoperiodic response in SDP and LDP. In comparison, the genetic effect of Hd4 is additive to those of Hd1 and Hd2, indicating that no epistatic interaction is involved between Hd4 and Hd1 or between Hd2 and Hd4. These results suggest that Hd4 is involved in a genetic control pathway other than those including Hd1 and Hd2. Our present study clearly demonstrates that the rice heading-date-related QTLs Hd4 and Hd5 can be precisely mapped as single Mendelian factors, thereby enabling us to proceed to their map-based cloning. Molecular identification of Hd4 and Hd5 may provide clues to understanding the conserved and divergent features for flowering time in rice and Arabidopsis.
